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Low TemperaTure weLding TesT and numericaL simuLaTion of meTaLLurgicaL  
phase TransformaTion of Q460gJc Thick pLaTe

This paper conducts low temperature welding tests on Q460gJC thick plate (60 mm), and based on the basic theory of phase 
transformation structure evolution, a three-dimensional microstructure evolution analysis method for large welded joints is estab-
lished, and the analysis of the evolution process of multi-layer and multi-pass weld structure under the low temperature environ-
ment of thick plates is completed. The comparison and analysis of test and numerical simulation results are in good agreement, 
which proves that the welding phase transformation model realizes the digitalization of metallurgical phase transformation in steel 
structure welding, and optimizes welding process parameters. it is of great significance to improve the quality of welding products 
and lay a foundation for predicting the performance of welded joints from the micro level.
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1. introduction

in winter, the welding of steel structure nodes under out-
door low temperature environment is easy to cause cold crack or 
brittle fracture in the later stage due to unreasonable temperature 
control [1], which greatly increases the difficulty of qualified 
welding quality. according to gB 50661-2011 “Welding Code 
for Steel Structure” [2], the welding environment temperature 
should be lower than –10℃, and the test results are partly af-
fected by the uncertain factors such as welder level and welding 
environment control [3], which may interfere with the formu-
lation of the process scheme. Welding process simulation can 
be through quantitative physical model to simulate the whole 
welding process, using physical information and process pa-
rameters, and carried out on the computer welding design and 
process simulation, the whole process of 3d characterization, 
quantitative analysis of plate low temperature welding joint 
performance, clarify the key points of plate low temperature 
welding quality control, and improve the low temperature 
welding parameters proposed scientific and welding process  
efficiency.

in order to quantitatively reflect the microstructure transfor-
mation of the thermal influence area of the welding process, this 

paper carries out low temperature welding test with 60 mm thick 
Q460gJC steel plate welding joints to obtain the temperature 
distribution and microstructure of the welding joints of the weld-
ing process, laying a foundation for the prediction and guiding 
the development of the welding process scheme.

2. Theory of foundations 

2.1. double-ellipsoidal heat source model

The simulation of the arc welding heat source often adopts 
the double ellipsoid (De) heat source model, which was proposed 
by goldak et al. [4] in 1984. it believes that the heat source 
power density of the welding arc heating spots is distributed in 
the double ellipsoid moving heat source model. The De model 
divides the body heat source into two front and back parts, 
which can better simulate the different temperature gradient [5] 
of the front and back end of the moving heat source during the 
welding process. The heat flow density is normally distributed 
by gaussian function in the semi-ellipsoid, and the maximum 
value is in the central part, and decreases exponentially from 
the center to the edge.
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The expression of heat source distribution in the ellipsoid 
of the first half is:
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The expression of heat source distribution in the second 
half of the ellipsoid is:
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in the formula: q = ηUI, η – efficiency of heat source, U – weld-
ing voltage, I – welding current; a1, a2, b, c – elliptic shape pa-
rameters; f1, f2 – front and posterior ellipsoidal heat distribution 
function, f1 + f2 = 2.

2.2. governing equation 

Welding heat conduction is a typical nonlinear transient 
problem [6]. for a homogeneous and isotropic continuum 
medium, the control equation based on energy conservation is 
obtained as follows:
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in the formula: T – temperature; ρ – density; c – specific heat 
capacity; λ – thermal conductivity; Qv – overflow of the dissi-

pated heat energy per unit volume; vQ
t




  – internal heat source 
strength, W/m3.

2.3. heat conduction Boundary conditions

Welding physical process usually includes the generation 
and transmission of welding heat, the flow and solidification of 
weld pool, micro-structure evolution of materials, welding stress 
and deformation, involving temperature field, stress field, tissue 
field and molten pool flow field. although numerical simulation 
techniques and high-performance computers have been rapidly 
developed and widely used, it is very difficult to simulate all the 
physical processes involved in welding simultaneously [7]. This 
paper focuses on the welding tissue evolution and ignores the 
influence of the welding mechanical process and the welding 
flow process on the welding tissue evolution.

in the process of welding heat conduction, the temperature 
of the weld changes sharply with the movement of the heat 

source, so there is a sharply changing temperature gradient inside 
the solder. according to the heat transfer theory, the heat transfer 
process includes three basic heat transfer forms: heat conduction, 
heat transfer and radiation heat transfer [8]:
(1) Heat conduction can be expressed by the fourier’s law:
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 in the formula: λ – thermal conductivity; T
n


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  – temperature 
gradient.

(2) The law of heat transfer: the heat current density is pro-
portional to the heat transfer coefficient of the convection 
surface and the difference between the solid surface tem-
perature and the temperature of the gas or liquid.

 qc
* = αc (T – T0) (5)

 in the formula: αc – coefficients of the convection-flow 
surface heat transfer; T – solid surface temperature; T0 – gas 
or liquid temperature.

(3) radiation heat transfer law: the heat loss caused by thermal 
radiation calculated by the Stephen-Boltzmann law can be 
calculated according to the following formula:
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 in the formula: ε – Darkness coefficient, ε < 1, for rough 
and oxidized steel surfaces, ε = 0.6 ~ 0.9; C0 – The Step-
hen-Boltzmann constant, C0 = 5.67×10–14 J/(mm2·s·K4); 
T – object temperature, T0 – ambient temperature. 

2.4. The theoretical model of phase transition

2.4.1. characteristic point temperature  
of the phase transition

for the welding process, the phase transition characteristic 
temperature should be determined by the corresponding CCT 
graph [9], including liquid phase line temperature Tl, solid phase 
line temperature Ts, ferrite start dissolution temperature above the 
eutectoid line TF, austenitic temperature Ae3, pearlite phase transi-
tion temperature Ae1, bainite phase transition temperature Bs, and 
Martensite phase transition temperature Ms. These characteristic 
point temperatures can be determined by:

 T1 = 1530.0 – 80.531wc (7)
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in the formula: wc – carbon content in steel (mass fraction /%), 
the remaining element symbols also represent their content; 
A, B, a and b are constants, respectively take 3.11, 7520.0, 1.0 
and 1.0, Cm

a and C0
b are respectively the metallic and nonmetallic 

contents in the sediments (mass fraction /%).

2.4.2. The phase Transition model

The welding metallurgical phase transition model mainly 
includes diffusion phase transition of ferrite, pearlite and bainite 
and non-diffusion phase transition of martensite.

at present, there are mainly three numerical calculation 
models for the diffusive phase transition: first, the phase transi-
tion thermodynamics and phase transition dynamics at any time 
as discussed [10]; second, based on the avrami equation, using 
the isothermal transition phase diagram (TTT) and simultane-
ously using the Scheil additivity principle to calculate the phase 
transition during cooling. To address the potential severe bias of 
the additivity principle during the initial period of calculation, 
the continuous cooling tissue transition diagram (SH-CCT) was 
used to determine the start time of the phase transition [11]; third, 
directly using the SH-CCT diagram to calculate the phase transi-
tion, the calculation of the phase transition via the mathematical 
model established by the SH-CCT plot and the deformation 
formula of the avrami equation were successfully achieved [12].

for the non-diffusion-type phase transition, the relatively 
simple Koistinen-Marburger phase transition model [13] is usu-
ally used for numerical simulation calculation.
(1) Speed formula of austenitic grain growth during heating 

process:
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 in the formula: g – grain size, μm; k – grain growth constant, 
related to the steel composition and temperature changes, 
k = 7×1011 μm2/s; Q – grain growth and activation energy, 
Q = 241 kJ/mol.

(2) The reaction velocity formula of austenite decomposition 
during continuous cooling based on Kirkaldy phase transi-
tion model [14]:
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 in the formula: X – volume fraction of the transition prod-
ucts; B – efficient coefficient; G – austenite grain size; 
m, p – the semi-empirical coefficients used to ensure the 
convergence properties, both of which are less than 1.

(3) Speed formula for the decomposition of austenite into ferrite 
reaction during continuous cooling:
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 in the formula: G – ASTM austenite grain size; ΔT – de-
gree of super-cooling, ΔT = Ae3 – T; X – ferrite volume 
fraction, X = XF /XFE, XF and XFE are the ferrite content 
when formed and balanced, respectively; R – universal gas 
constant, R = 8.31.

(4) Speed formula for the decomposition of austenite into 
pearlite reaction during continuous cooling:
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 In the formula: ΔT = Ae1 – T; X – pearlite volume fraction, 
X = XP /XPE, XP and XPE are the pearlite content when 
formed and balanced, respectively; D – diffusion parameter, 
which can be calculated by the following formula:
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in the formula: R – universal gas constant, R = 8.31;
(5) Speed formula for the decomposition of austenite into 

bainite reaction during continuous cooling:
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 In the formula: ΔT = Bs – T; X – bainite volume fraction, 
X = XB/XBE, XB and XBE are the bainite content when 
formed and balanced, respectively; f = (X,Ci) can be cal-
culated by the following equation:

 0
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When the index is negative, f (X,Ci) = 1.
(6) The Koistinen-Marburger phase transition model equation 

used for autenite transition to martensite is expressed as:

  1 exp ( )M sM T      (20)

 in the formula: θm – martensite volume fraction, Ms – mar-
tensite phase transition temperature (unit: K); α – martensite 
transition rate associated with the material, which can be 
calculated as follows in the following equation (21):
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 in the formula: wc – carbon content in steel (mass frac-
tion /%).
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3. finite element model

3.1. model Building 

establish a thick steel plate Q460gJC geometric model 
with a size of 800 mm×508 mm×60 mm according to the low 
temperature welding test piece, select 3D 8-node hexahedral solid 
unit in Simufact Welding post-processing program, adopt transi-
tion mesh, close to the weld area mesh and coarse away from 
the weld area, take 3 mm for weld mesh and 8 mm~15 mm for 
base material mesh. in fig. 1, The geometric model (fig. 1(a)), 
distribution of the weld pass (fig. 1(b)), overall model mesh 
(fig. 1(c)) and weld mesh (fig. 1(d)) were consistent with the 
test plate welding test process.

each weld pass analysis includes heating, cooling steps and 
set the residence time between each pass, analysis automatically 
select the time step, heat conduction analysis, heat load through 

the double ellipsoid power density distribution heat source [15], 
output results data including node temperature and the characteri-
zation of ferrite, pearlite and bainite of three major state variables. 

3.2. welding parameter 

The plate butt joint welding specimen adopts unilateral 
V-shaped groove, with an angle of 35° and a bottom width 
of 8 mm. The base material steel number is Q460gJC-Z25, with 
a plate thickness of 60 mm. The welding process parameters are 
shown in TaBLe 1: the welding test was carried out in a low 
temperature environment, taking fCaW-g welding process, 
using Φ1.2 mm SH.Y81Ni1 (T554T1-1C1A-N2) welding wire, 
with V-shaped groove. The welding sequence diagram is shown 
in fig. 2. it shows 10 layers and 43 passes in the weld, with 8 mm 
gap and 2 mm blunt edge at the bottom of the weld.

(a) 

(c) 

 

 

(b) 

(d) 

 

 

(a) 

(c) 

 

 

(b) 

(d) 

 

 

fig. 1. finite element model establishment: (a) geometric model, (b) distribution of the weld pass, (c) overall model mesh, (d) weld mesh

TaBLe 1

Welding test scheme

welding 
process

Base material steel 
number

standard
(mm) welding material Welding specifications

(mm)
welding 
position Test condition

fCaW-g Q460gJC-Z25 60 SH.Y81ni1 (T554T1-1C1a-n2) Φ1.2 V Low 
temperature

TaBLe 2

Welding process parameters

welding 
position weld pearlite 

welding parameters
welding current (a) welding voltage (V) speed of welding (cm/min)  heat input (kJ/cm)

V
Bottoming 160~220 22~29 25~30 7~15

filling 200~270 24~31 30~40 7~17
facing 200~240 24~28 30~40 7~14

note: The Co2 gas flow rate at low temperature is about 20 ±5 L/min.
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fig. 2. Schematic diagram of the welding sequence

The welding process parameters are shown in TaBLe 2. it 
contains welding current and welding voltage in different layers 
according to previous experience, and the speed of welding takes 
about 30 cm/min, adopting Co2 as shielding gas. 

4. analysis of The finite element and Test results

4.1. Temperature field analysis of The welding process

first, low temperature welding test is carried out for 60 mm 
plate. fig. 3(a) shows the distribution map of temperature meas-
urement points of test plate with 12 measuring points, 5 meas-
uring points on both sides of 15 cm, and 2 measuring points in 
the middle of plate thickness, numbered as measuring point 11 
and 12. Due to the drastic temperature change in the near weld 
area, the twelve measurement points for temperature analysis at 
10 cm to the fusion line were used to compare with the calcula-
tion results of the finite element model at the above measurement 
points to verify the reliability of the model [16]. The temperature 
of each measurement point shall be measured once and recorded 
respectively. each measurement shall be completed as soon as 
possible after the welding is stopped to ensure the validity of 
the temperature data. Temperature measurements are shown in 

fig. 3(b), where t1~t6 successively indicate after preheating, 
welding after layer 3, layer 6, layer 9, 5 min and 10 min after 
welding. The temperature measurements for the six series all 
show a trend of rising first and then falling, and reach a maxi-
mum at t4, while each spread value reaches the maximum. The 
temperature at each point does not exceed 200°C, and the change 
is relatively gentle, which is conducive to obtaining relatively ac-
curate measurement values and facilitating comparison with the 
finite element calculation results at the corresponding position.

Second, the calculation of welding temperature field is 
the basis of the phase transition calculation, the distribution of 
temperature field directly determines the distribution of phase 
transition structure [17]. The temperature change of the overall 
model welding process can be accurately obtained through the 
Simufact Welding post-processing procedure. The temperature 
field model of the 60 mm plate docking joint was analyzed 
by that software. Low temperature is –15℃, with 10 layers 
and 43 welding passes in the weld. When the specimen is not 
welded, an initial preheating temperature of 120℃ is applied, 
and the specimen temperature is uniform. along with the tem-
perature field of the specimen changing gradually in the welding 
process, the temperature cloud map was intercepted at several 
different moments from the beginning or end of each welding 
track, as well as 30 s, 3 min and 6 min post-welding cooling, as 
shown separately in fig. 4(a)~(o), showing the complexity of 
the physical change process of temperature in the multi-layer 
welding weld area.

according to fig. 5, the overall model welding starts after 
preheating to 120℃. Because the welding position is close to 
the left side of the test plate, the temperature increases rapidly, 
while the temperature at the slope mouth side decreases first and 
then increases, and the growth is slower [18].

for the temperature field calculation, since the model in this 
paper does not consider the physical process of converting the 
weld from a solid state to a liquid state [19], the region above 
1538℃ is defined as the melting pool, while the temperature 
interval of the thermal influence zone is 720℃ to 1538℃. 
fig. 6(a) is a cloud map of the temperature distribution of the 
mobile heat source. as you can see, the weld pool area above 
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fig. 3. (a) Distribution diagram and (b) temperature curve of measurement points in low temperature welding test
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(a) 
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(m) 

(b) 

(e) 

(h) 

(k) 

(n) 

(c) 

(f) 

(i) 

(l) 

(o) 
fig. 4. overall model welding temperature field: (a) weld base, (b) the end of layer 1 welding, (c) the start of layer 2 welding, (d) the end of 
layer 2 welding, (e) the start of layer 4 welding, (f) the end of layer 4 welding, (g) the start of layer 6 welding, (h) the end of layer 6 welding, (i) 
the start of layer 8 welding, (j) the end of layer 8 welding, (k) the start of layer 10 welding, (l) the end of layer 10 welding, (m) 30 s post-welding, 
(n) 3 min post-welding, (o) 6 min post-welding
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1538℃ is roughly the same area as the actual swing welding 
area, which can accurately simulate the temperature distribution 
during the movement of the weld pool. The overall model peak 
temperature cloud map is shown in fig. 6(b). 

Comparing the peak temperature distribution of the weld 
section in fig. 7(a) and the macro morphology of the welded joint 
in fig. 7(b), it shows that the size of the simulated weld pool and 
the thermal influence area agrees well with the actual welded 

Preheat to 120°C

fig. 5. numerical simulation of the measurement point temperature change calculation results
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fig. 6. Temperature cloud map of (a) mobile heat source and the overall docking joint
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(a) Peak temperature distribution          (b) Macroscopic topography 
fig. 7. Peak temperature distribution and macroscopic topography of the weld cross section
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joint, which proves that the numerical simulation of welding 
has high accuracy.

fig. 8 for the temperature calculation results of each layer, 
visible each node position has experienced multiple thermal 
cycle, directly illustrates the complexity of the physical change 
of thick plate multilayer welding temperature, after analysis 
it can be found that before the upper layer between the weld-
ing temperature is less than 250℃, and the joint performance 
meets the requirements. Since the metal vaporization process is 
not considered in this model, the temperature will continue to 
increase after reaching the vaporization temperature [20], and 
this maximum temperature exhibited 1538°C instantly is not of 
reference significance.

fig. 9 shows the t8/5 cooling rate of weld. it can be seen that 
the process of multi-layer welding temperature change is very 
complicated, and the cooling rate of position 1 and 3 at both ends 
of the weld is higher than that of the middle position 2, and the 
cooling rate of the weld surface at the same position is higher 
than that of the center layer [21]. Due to that the larger thermal 
radiation area at both ends, the thermal conductivity efficiency 
is higher than that of the middle, and the heat loss is faster. 
Meanwhile, there was larger cooling rate within the fusion line 
in comparison to the center line of welded joint in location 1 
to 3, due to that the temperature difference within the fusion line 
is larger, and the heat transfer efficiency is higher.

Te
m
pe
ra
tu
re
/Ŀ

Time/s

fig. 8. Time curve of each weld temperature
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t8/5 cooling rate/(K/s) t8/5 cooling rate/(K/s) t8/5 cooling rate/(K/s)
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Min

Max
Min

Max
Min

fig. 9. t8/5 cooling rate of cross-section at different positions 
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4.2. analysis of The welding phase Transition  
cloud diagram

according to the feM results, fig. 10 reflects the distribu-
tion of ferrite in the welded joint. it can be seen that most of 
the weld tissue is composed of ferrite, and the ferrite volume 
fraction at both ends of the weld pearlite in position 1 and 3 is 
significantly lower than that of the middle part of the weld, due 
to that the t8/5 cooling rate [22]. according to fig. 9, the t8/5 

cooling rate at both ends is higher than that of the middle part. 
for the distribution of ferrite on the weld surface at the same 
position, the ferrite volume fraction at the groove edge near the 
parent material is lower than that at the center of the groove, due 
to that the cooling rate of the groove edge is higher than the rate 
of the groove center either.

The calculation results of fig. 11 reflect the distribution 
of pearlite in the welded joint. it can be seen that the content of 
pearlite is significantly lower than that of ferrite, and the distribu-

Position1

Position2

Position3

Ferrite volume fraction/%

FErrite volume fraction/% Ferrite volume fraction/% Ferrite volume fraction/%

Max
Min

Max
Min

Max
Min

Max
Min

fig. 10. ferrite volume fraction at different positions

Position1

Position2

Position3

Pearlite volume fraction/%

Max
Min

Max
Min

Max
Min

Max
Min

Pearlite volume fraction/% Pearlite volume fraction/% Pearlite volume fraction/%

fig. 11. Pearlite volume fraction at different positions of the weld
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tion range in the thermal influence area of the weld is wider than 
that of ferrite, which also indicates that the temperature range of 
pearlite is lower than that of ferrite. Due to the t8/5 cooling rate 
within the fusion line is higher than that of the welding passes, 
there was lower pearlite volume fraction within the fusion line 
in comparison to the center line of multi-layer welded joint [23].

fig. 12 shows the distribution of bainite in the welded joint. 
it can be seen that the content of bainite is also significantly 
lower than that of ferrite but higher than that of pearlite. The 
distribution range in the thermal affected area of weld is similar 
to that of pearlite, and shows a similar pattern to the volume 
fraction of ferrite [24].

fig. 13 shows the microstructure observation diagram of 
weld. according to the test results, the HaZ is mainly the lath-

shaped ferrite growing inward along the original austenite grain 
boundary and the bainite and granular bainite microstructure with 
discontinuous distribution between strips composed of carbide. 
from the calculation results, the maximum location of ferrite 
and bainite tissue volume fraction is in the thermal influence  
region.

5. conclusion

(1) The goldak double ellipsoid power density distribution 
heat source model is adopted in the welding of 60 mm 
thick Q460GJC steel plate under –15℃ low temperature 
condition, meanwhile using the professional analysis soft-
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 fig. 12. Bainite volume fraction of different positions in the welds

fig. 13. Microstructure observation diagram of weld

ware – Simufact Welding, which can calculate the welding 
thermal cycle curve and welding temperature field cloud 
map of any unit node during the low temperature welding 
process.

(2) Based on the Kirkaldy phase transition model and the 
Koistinen-Marburger phase transition model, the equivalent 
display of the microstructure of the welding joint was suc-
cessfully realized, and the different microstructure of each 
region was correlated with the t8/5 cooling rate, moreover 
the largest bainite tissue content was found in the thermal 
influence area.

(3) The welding process parameters selected in low temperature 
welding test are verified by test and numerical simulation, 
which can provide reference for low temperature welding 
engineering of Q460gJCZ25 thick plate.
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